Amino acid profiling has been used to distinguish between human embryos of differing developmental competence. We sought to determine whether amino acid profiling could be used to distinguish between metaphase II (MII) bovine oocytes with different developmental capabilities in vitro. Amino acid turnover was assayed during the final 6 h of in vitro maturation prior to oocytes undergoing individual fertilization in vitro. Following insemination, zygotes were immobilized in groups of 16 on the base of a Petri dish using Cell-Tak tissue adhesive to enable the developmental progress of each to be tracked to the blastocyst stage. Spent droplets of in vitro maturation medium were analyzed by high performance liquid chromatography, which revealed glutamine, arginine, and asparagine were depleted in the greatest quantities. Incompetent MII oocytes that failed to cleave by 72 h postfertilization depleted significantly more glutamine from (P ¼ 0.0006) and released more alanine (P ¼ 0.0001) into the medium than oocytes that cleaved. When cutoff values were selected for the turnover of alanine, arginine, glutamine, leucine, and tryptophan and modeled to predict fertilization and cleavage potential, oocytes that did not exceed the cutoff values for !2 of these key amino acids were more likely to cleave. The sensitivity, specificity, accuracy, and positive predictive value of this model were 60.5%, 76.8%, 63.5%, and 92.0%, respectively. Significant differences (P 0.015) in the consumption/production of alanine and glutamine were also observed when comparing uncleaved oocytes with those that produced blastocysts. The data show that noninvasive amino acid profiling can be used to measure oocyte developmental competence. amino acid profiling, bovine, developmental potential, oocyte quality
INTRODUCTION
Assisted reproductive technologies (ART) are hampered by poor success rates of approximately 25% and a high incidence of multiple births, which for Europe currently stands at 20.8% [1] . These problems arise from the inherent difficulty in identifying which embryo in a given cohort is most likely to result in a pregnancy and live birth. Given this difficulty, the majority of human embryo transfers in Europe during 2006 still involved the transfer of two embryos [1] . The most commonly used methods for preimplantation embryo selection remain based upon the subjective assessment of the morphological appearance of the embryo, which has a low predictive value for selecting embryos likely to implant [2] . Reliable noninvasive methods of embryo selection could improve the success rate of ART in humans while obviating the need for multiple embryo transfer, thereby reducing multiple birth rates. One strategy that has displayed promise as a means of identifying embryos with high developmental competence has been the measurement of embryo metabolism. Indeed, multiple aspects of embryo metabolism have been assayed retrospectively and related to embryo quality, including glucose, [3, 4] , oxygen [5] [6] [7] , and pyruvate [8] .
Other interesting lines of research have included the analysis of spent embryo culture medium by Raman-based and near infrared biospectroscopic methods, which have calculated higher embryo viability indices from media collected from embryos that gave rise to a pregnancy than those that failed to produce a live birth [9] [10] [11] . Proton nuclear magnetic resonance spectroscopy has also indicated that a measureable spectral difference in spent culture medium can be observed between embryos that resulted in live birth and those that did not [12] .
The measurement of embryo amino acid metabolism has been validated as a means to study the amino acid requirements of embryos from a number of species [13, 14] and has been shown to select human embryos that have the competence to develop to the blastocyst stage [15] or implant and lead to a successful pregnancy [16] . Thus, human embryos that subsequently developed to blastocysts in vitro displayed differences in their amino acid turnover from Day 2-3 postinsemination compared to their arresting counterparts [15] , and similar differences were recorded between embryos of similar grade that were competent or incompetent to develop to the blastocyst stage following cryopreservation and thawing [17] . A preliminary clinical trial found a significant correlation between the turnover of asparagine, glycine, and leucine by human embryos on Day 1-2 postinsemination with clinical pregnancy and live birth rate, which was independent of female age, basal folliclestimulating hormone (FSH) level, embryo cell number, and morphological grade [16] . The turnover of asparagine, glycine, and valine has also been found to be related to the chromosomal normalcy of cleavage stage human embryos [18] . Despite this body of evidence, it has only recently been possible to prove the utility of amino acid profiling as a prospective tool for embryo selection [19] .
While considerable research effort has been expended on the measurement of embryo metabolism, far fewer studies have focused on oocyte metabolism. Mammalian oocytes are capable of meeting some of their energy requirements from endogenous nutrients [20] , but there are also discrete, speciesspecific differences in oocyte metabolism. For example, bovine and porcine oocytes contain large quantities of lipid, which may provide an energy source during maturation in both species [21] [22] [23] . Endogenous stores alone are not sufficient to support complete meiotic maturation and fertilization. For example, pyruvate has been shown to be the preferred energy substrate for denuded oocytes in a variety of species [24] [25] [26] [27] [28] , the addition of pyruvate to oocyte culture media supports the resumption of meiosis by denuded oocytes [26] , and oocytes promote the expression of genes encoding glycolytic enzymes [29] and amino acid transport [30] in the surrounding cumulus cells. The developmental coordination between each gamete and the somatic components of their host follicles is accompanied by metabolic cooperativity between the oocyte and cumulus cells [31] . This bidirectional communication is essential for the oocyte uptake of couplingdependent amino acids such as glycine, alanine, and lysine [32] , while other amino acids such as leucine can be taken up directly by the gamete [33] . While the culture of embryos in the complete absence of a protein source is known to result in reduced rates of blastocyst development [34] , suggesting that an external protein source is beneficial to embryo development, only limited data exists on the impact of protein, and specifically amino acid, turnover on oocyte developmental competence. Previous functional studies using radioactive tracer uptake have indicated the presence of approximately 18 amino acid transport systems in murine oocytes and embryos [35, 36] , indicating the capacity of oocytes and embryos to use amino acids from the external environment.
The preovulatory surge of gonadotropins triggers the final maturation of the oocyte, which includes the nuclear changes that lead to the production of a fertile metaphase II (MII) gamete, namely, resumption of meiosis, spindle formation, chromatin condensation, chromosome segregation, and extrusion of the first polar body [37] . Nuclear maturation is accompanied by cytoplasmic maturation of the oocyte and the expansion and mucification of the cumulus cells [38, 39] . The major cytoplasmic events that relate to the acquisition of oocyte developmental competence are discussed in depth in [40, 41] but include activation of specific cell cycle proteins associated with the resumption of meiosis recently reviewed in [42] , the development of calcium release mechanisms [43] , redistribution of the cortical granules [44] , and the capacity of the oocyte to remodel the chromatin of the fertilizing sperm into the male pronucleus [45] . Cytoplasmic maturation is further marked by changes in the transcription, translation, and storage of the RNAs required to drive preimplantation development prior to embryonic genome activation [46, 47] . As the greater majority of these changes are energy-requiring processes, it is of little surprise that the mitochondrial number and functional capacity are considered to be critical determinants of oocyte competence and health [48, 49] . Indeed, the mitochondrial compliment of the early zygote is derived exclusively from the oocyte [50] , with no further replication occurring during preimplantation development [51] . Thus, if cytoplasmic maturation is incomplete, the fertile capacity and subsequent developmental competence of the oocyte and early zygote, respectively, are severely compromised [52, 53] .
On the basis of this evidence and since the cytoplasmic inheritance of the zygote and early cleavage stage embryo arises from the oocyte, we can hypothesize that the metabolic turnover of oocytes may be predictive of subsequent embryo developmental potential in vitro. Our group has already demonstrated that energy turnover by human oocytes is linked to the etiology of infertility and is subject to moderation by drug exposure in vivo [54] . The aim of the current work was therefore to determine whether mature bovine oocytes capable of development to the blastocyst stage after in vitro fertilization exhibited amino acid profiles different than those of oocytes that lacked developmental potential.
MATERIALS AND METHODS
Oocyte Recovery, Fertilization, and Embryo Culture Cumulus-oocyte complexes (COCs) were harvested by needle aspiration from abattoir-derived bovine ovaries. COCs with homogenous cytoplasm and surrounded by a compact cumulus investment at least five cell layers thick were maturated in groups of 35 in 500 ll of optimized serum-free bovine in vitro maturation (IVM) medium comprising a minimum essential medium (MEM) supplemented with 1 mg/ml fatty acid-free bovine serum albumin (BSA), 0.047 mM sodium pyruvate, 0.001 IU ovine FSH, 0.0005 IU ovine luteinizing hormone, 10 ng/ml insulin, 1 ng/ml Long R3 insulin-like growth factor I, 5 ng/ml sodium selenite, 5 lg/ml bovine holo-transferrin, 94.5 IU/ml penicillin G, and 50 lg/ml streptomycin sulfate beneath an overlay of preequilibrated mineral oil. The COCs were matured for approximately 16 h in a humidified incubator containing 5% CO 2 in air at 398C. All handling and manipulation of oocytes was conducted on stereomicroscopes fitted with heated stages set at 37.58C. Following maturation, oocytes were denuded by repeat pipetting through narrow-bore glass pipettes of decreasing diameter in 80 IU/ml bovine hyaluronidase in Hepes-buffered MEM. Metaphase II oocytes were selected and equilibrated for 30 min in the amino acid profiling (AAP) medium, which comprised a-MEM containing the same concentration of growth additives present in the IVM medium but a reduced amino acid concentration by the substitution of 5/6 the volume of a-MEM with Earle Balanced Salt Solution (Sigma-Aldrich Company Ltd., Poole, U.K.). A reduction in the concentration of amino acids was essential to enable detection of depletion or appearance of amino acids by a single oocyte over a 6-h period. The concentrations of amino acids used in the present study were similar to those used previously to study both porcine [55] [56] [57] and human embryos [15] [16] [17] . These values were based on the concentration of amino acids measured during vascular perfusion of the human oviduct [58] . The amino acid present in the lowest concentration in the present study was tryptophan, which was included at a concentration of 8 lM, equivalent to 8 pmoles in a 1-ll droplet. Based on previous measurements in which human embryos used 2 pmoles/h of arginine during the transition from the morula to blastocyst stage [15] , it can be noted that these reduced concentrations did exceed the requirements of the oocyte and were not limiting. Following equilibration, oocytes were transferred into pre-equilibrated individual 1-ll AAP droplets under oil in an in vitro fertilization (IVF) culture dish (Nunclon AS, Roskilde, Denmark) and maintained in 5% CO 2 in air at 398C for 6 h. Oocyte-free control drops were cultured alongside to account for any nonspecific degradation of amino acids during the culture period. At the end of the incubation period, oocytes were removed and the dishes of spent AAP medium were sealed with tape and stored frozen at À808C until analysis.
Oocytes were fertilized individually in 15-ll drops of Bovine Sydney IVF cleavage medium (Cook Australia Pty Ltd., Brisbane, Australia) containing frozen-thawed bovine sperm at a concentration of 1 000 000/ml in IVF culture dishes. Bovine sperm were prepared according to previously reported methods [59] . Gametes were co-incubated for 18 h at 398C in 5% CO 2 in air. Presumptive zygotes were removed from their fertilization drops and passed through 500 ll of BSA-free a-MEM medium to remove adherent sperm before being transferred into a drop of BSA-free a-MEM medium in a dish that had been treated with Cell-Tak cell and tissue adhesive (BD Biosciences, Oxford, U.K.) to produce an adherent coating to which the zygotes could be immobilized according to previously published methods [60, 61] . The presumptive zygotes were placed approximately 165 lm apart, a distance shown to be optimal for porcine and bovine embryo development [60, 61] . Sixteen zygotes were placed equidistant from each other to form a 434 grid as presented (inset to Fig. 1, A and B) to facilitate tracking. When all 16 zygotes had been placed into the droplet, the culture medium was removed and replaced with 10 ll Bovine Sydney IVF cleavage medium. The embryos were cultured in a MINC incubator (Cook Australia Pty Ltd.) at 398C in a 6% CO 2 , 5% O 2 , and 89% N 2 atmosphere. Embryo developmental progress was recorded at 72 h, after which time the cleavage medium was removed and replaced with 10 ll Bovine Sydney IVF blastocyst medium. Blastocyst development was recorded on Days 7, 8, and 9 postinsemination.
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Analysis of Amino Acid Turnover in Spent Oocyte Culture Media
The droplets of spent AAP medium were thawed at room temperature, and a 0.75-ll sample was diluted with 24.25 ll high performance liquid chromatography (HPLC) grade water. The samples were analyzed by a Kontron 500 HPLC system (Kontron Instruments, Zurich, Switzerland) according to previously reported methods [15] . In brief, each sample was reacted with 25 ll O-phthaldialdehyde prior to being injected onto the column. The samples were separated on a 250 3 4.6-mm HyperClone 5l ODS (C18) column (Phenomenex, Macclesfield, U.K.) with two buffers: Buffer A, which contained 80% (v/v) sodium acetate (pH 5.9), 20% (v/v) methanol, and 5 ml tetrahydrofuran/l, and Buffer B, which contained 80% (v/v) methanol and 20% (v/v) sodium acetate (pH 5.9). The flow rate was maintained at 1.2 ml/min throughout. At the start of separation, Buffer A and Buffer B (100:0) were passed through the column, and adjusted gradually to 0:100 of Buffer A and Buffer B by the end of the analysis, which lasted 45 min. Amino acids were eluted sequentially based on their differential binding affinities to the column, and fluorescence intensity was monitored with an excitation wavelength of 348 nm and an emission wavelength of 450 nm. The area beneath each peak on the chromatogram was given in arbitrary units that were converted to units of concentrations as described previously [15] . D-aaminobutyric acid (62.5 lM) was added to the AAP medium as an internal standard to correct for dilution errors. The net appearance or depletion of each amino acid per sample was calculated with reference to the mean amino acid content of control droplets cultured alongside.
Statistical Analysis
All statistical analyses were performed on Minitab 16 (Minitab Ltd., Coventry, U.K.). All data were tested for normality using the Anderson- 
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Darling test, which indicated that the rates of depletion/appearance of each amino acid by the oocytes were not normally distributed, and the data were therefore analyzed by Mann-Whitney U-tests. For the amino acids that showed the greatest potential as discriminants between incompetent MII oocytes, which failed to cleave, and those that supported embryo cleavage, calculations of the sensitivity and specificity of each amino acid at a range of cutoff values were made. The appropriate cutoff value for each amino acid was selected as the point at which the highest value for sensitivity þ selectivity occurred, a method used by others to determine cutoff values for viability scores [11] . Oocyte developmental competence was then modeled according to whether an oocyte exceeded the cutoff value for two or more of the five key amino acids.
RESULTS
Difference in Uptake/Depletion of Individual Amino Acids Between Oocytes of Differing Developmental Competence
A total of 405 MII oocytes were analyzed for amino acid turnover over 15 replicate cultures. Mean oocyte maturation, embryo cleavage, and blastocyst rates of 85%, 80%, and 15%, respectively, were recorded across 15 replicate cultures. The rate of amino acid depletion/appearance was calculated per oocyte in pmoles oocyte À1 h À1 according to the published calculations [15] . Negative values indicated net disappearance of amino acids from the media and were therefore termed ''depleted.'' The positive values represented amino acids that were present in higher concentrations at the end of the incubation and were therefore termed ''appeared.'' The amino acid depletion/appearance profiles for each MII oocyte were sorted according to whether the oocyte subsequently underwent fertilization and cleaved by Day 3 or failed to fertilize and/or remained uncleaved; these data are presented in Figure  1A . Oocytes that failed to cleave depleted significantly more glutamine (P ¼ 0.0006), leucine (P ¼ 0.0023), and arginine (P ¼ 0.0215) from the medium than oocytes that subsequently supported cleavage to 2-16 cells by Day 3. Significantly greater quantities of alanine (P ¼ 0.0001) and tryptophan (P ¼ 0.0014) appeared in the medium of oocytes that remained uncleaved by Day 3 than those of their cleaving counterparts. To determine whether there was a relationship between oocyte amino acid turnover and blastocyst development, the oocyte amino acid depletion/appearance profiles were also analyzed according to whether the oocytes developed to the blastocyst stage or failed to cleave, as presented in Figure 1B . Oocytes that remained uncleaved depleted significantly more glutamine from the medium than oocytes that developed into blastocysts (P ¼ 0.0149). Alanine appeared in the medium in significantly greater quantities for uncleaved oocytes than in their counterparts that developed into blastocysts (P ¼ 0.0131). Since no blastocysts resulted from embryos that failed to progress beyond two cells by Day 3, these data were combined with that of oocytes that failed to cleave, and the pooled data were compared to oocytes that underwent fertilization and cleavage to 3-16 cells by Day 3. These comparisons showed that MII oocytes that failed to progress beyond two cells by Day 3 postinsemination depleted significantly more leucine (P ¼ 0.0157) and produced significantly more alanine (P 0.0001) and tryptophan (P ¼ 0.0327) than their counterparts that cleaved to three or more cells by Day 3.
Differences in Total Amino Acid Balance, Uptake, Depletion, and Turnover Between Oocytes of Differing Developmental Competence
The ''total depletion'' of amino acids was calculated by summing all amino acids showing negative values, while the ''total appearance'' of amino acids was calculated by summing all amino acids with positive values. The turnover of amino acids has previously been defined by Houghton et al. [15] as the sum of net depletion and appearance. The net balance of amino acid depletion and appearance can be calculated by subtracting depletion from appearance. The total amino acid depletion, appearance, turnover, and net balance values for developmentally competent versus incompetent oocytes are presented in Figure 2A . Oocytes that failed to cleave depleted significantly more total amino acids than those oocytes that did cleave by Day 3 (P ¼ 0.002). Similarly, significantly more total amino acids appeared in the medium of oocytes that remained uncleaved than in oocytes that cleaved by Day 3 (P ¼ 0.0158). The amino acid turnover of oocytes that failed to cleave was also significantly higher than oocytes that produced cleaving zygotes (P ¼ 0.0003). While the net balance of amino acids was not significantly different between uncleaved and cleaved oocytes, those oocytes that failed to cleave depleted significantly more amino acids during the oocyte assay period than those that subsequently developed into blastocysts (P ¼ 0.0218), as presented in Figure 2B . The total net appearance (P ¼ 0.0171) and total turnover (P ¼ 0.0032) of amino acids was also significantly higher for incompetent oocytes arresting at two or fewer cells by Day 3 than for oocytes that supported embryo progression to three or more cells.
Differences in Total Nitrogen Balance, Uptake, Depletion, and Turnover Between Oocytes of Differing Developmental Competence
By calculating the number of molecules of nitrogen per amino acid, an estimate of the net nitrogen balance per oocyte can be made, although these calculations do not take into account the contribution of amino acids such as proline, cysteine, and taurine, which it was not possible to measure. As glutamine contains two and arginine contains four nitrogen molecules, they were found to contribute approximately 40% and 47%, respectively, of the total nitrogen to each oocyte. Calculation of the net total nitrogen rates revealed MII oocytes were largely in nitrogen balance; however, incompetent oocytes that remained uncleaved depleted significantly more nitrogen than those that cleaved (P ¼ 0.0003) by Day 3. Significantly more nitrogen appeared in the medium of oocytes that remained uncleaved than those that cleaved (P ¼ 0.0264). Similarly, incompetent oocytes displayed a significantly higher turnover of nitrogen than oocytes that cleaved (P ¼ 0.0001) by Day 3 postinsemination, and oocytes that remained uncleaved depleted significantly more nitrogen than those that had the capacity to support subsequent blastocyst development (P ¼ 0.0138).
Evaluation of Amino Acid Profiling as a Prospective Model to Predict Embryo Cleavage
The amino acids most closely associated with oocyte developmental potential for cleavage were glutamine, alanine, arginine, leucine, and tryptophan. When the turnover of these five key amino acids was summed it was apparent that a number of significant differences were observed between incompetent oocytes and those that supported cleavage and/or subsequent development to the blastocyst stage, as displayed in Figure 3 , A and B. Oocytes that remained uncleaved had a significantly greater net balance (P ¼ 0.0387), depletion (P , 0.0001), appearance (P ¼ 0.0002), and turnover (P , 0.0001) of these key amino acids than their cleaving counterparts.
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Incompetent MII oocytes also had a higher depletion (P ¼ 0.0131), appearance (P ¼ 0.0193), and turnover (P ¼ 0.0193) of the key amino acids than MII oocytes that went on to produce blastocysts. To evaluate the potential of amino acid profiling as a tool for diagnosing oocyte developmental competence, we have calculated the accuracy of this predictive test using these key amino acids. Calculations of the sensitivity and specificity of each amino acid to predict cleavage were made at a range of cutoff values, and the cutoff value for each amino acid was chosen based on the one that gave the highest combined sensitivity and specificity, a method that has been used in previous publications [11] . The calculated cutoff values for the five key amino acids used for further data analysis are listed in Table 1 . A Receiver Operator Characteristic (ROC) Curve was then generated based on the number of cleaving and noncleaving oocytes that exceeded the cutoff values for zero to five of the amino acids and is presented in Figure 4 . The . Boxes represent the 25th to 75th percentile, the median is represented by the line within the box, and the whiskers represent the maximum and minimum data point within 1.5 times the interquartile range. Asterisks indicate significant differences between each group: *P 0.05, **P 0.01, and ***P 0.001. To aid clarity, outliers have not been presented, but were included in all statistical analyses.
AMINO ACID TURNOVER AND BOVINE OOCYTE QUALITY data point that deviates furthest from the dashed reference line is the point at which the highest level of accuracy for predicting cleavage can be achieved. Therefore, oocyte developmental competence was then modeled according to whether an oocyte exceeded the cutoff value for two or more amino acids. Using this approach our model predicted that oocytes that did not exceed the cutoff values for two or more amino acids were more likely to support fertilization and subsequent embryo cleavage than oocytes that did exceed two or more of the cutoff values. Using these criteria, the numbers of oocytes predicted to be competent or incompetent on the basis of their turnover of key amino acids was assigned to a confusion matrix (Table 2 ) according to whether their predicted development matched their actual development. The sensitivity, specificity, accuracy, positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio (LRþ), and negative likelihood ratio (LRÀ) of amino acid profiling as a means to test oocyte quality were then . Boxes represent the 25th to 75th percentile, the median is represented by the line within the box, and the whiskers represent the maximum and minimum data point within 1.5 times the interquartile range. Asterisks indicate significant differences between each group: *P 0.05, **P 0.01, and ***P 0.001. To aid clarity, outliers have not been presented, but were included in all statistical analyses.
estimated using the following equations:
LRþ ¼ Sensitivity 1 À Specif icity ð6Þ
Using this model, the sensitivity (probability that the model will predict cleavage in an oocyte that did cleave) of our predictive assay of oocyte quality was 60.5%, the specificity (probability that the model will predict no cleavage in an oocyte that did not cleave) was 76.8%, and the accuracy was 63.5%. The positive predictive value (probability that an oocyte that did not exceed the threshold for two or more key amino acids would go on to cleave) of using the turnover of key amino acids by oocytes in relation to our cutoff values to predict oocyte developmental competence prior to embryonic genome activation is 92.0%, whereas the negative predictive value (probability that an oocyte that did exceed the threshold for two or more key amino acids remained uncleaved) of the test is 30.5%. Overall, our data generate a positive likelihood ratio of 2.6 and a negative likelihood ratio of 0.5, which supports the idea that measurement of the turnover of key amino acids in relation to their cutoff values is capable of predicting oocyte developmental competence.
DISCUSSION
We present here the first evidence that amino acid profiling of bovine MII oocytes in the final 6 h of IVM can be used to assess subsequent oocyte developmental competence and hence define oocyte quality in vitro. The data presented provides the first proof of principle that it is possible to extend the original observations of the potential for amino acid profiling to act as a marker of embryo developmental competence [15-17, 19, 55] to oocytes. Since the cytoplasmic inheritance of the embryo originates from the oocyte, embryo metabolism prior to embryonic genome activation is a reflection of oocyte transcripts, and it was, therefore, likely that the metabolic differences observed between viable and nonviable embryos in previous studies [15] [16] [17] would also be reflected by similar differences in amino acid turnover by oocytes, as observed in the present study. Oocytes were assessed for their profile of amino acid turnover before they were fertilized, and their potential for cleavage and preimplantation development to the blastocyst stage was recorded. Tracking of oocyte developmental potential was not achieved through the individual culture of zygotes, but rather by culturing presumptive zygotes in groups of 16 in dishes treated with Cell-Tak cell and tissue adhesive so individual zygotes could be monitored throughout culture. This technique has previously been used to demonstrate the positive effect of paracrine factors released by developing preimplantation embryos on their neighbors in both porcine [60] and bovine embryos [61] and has recently been demonstrated as a viable technique to facilitate the tracking of oocytes throughout IVM, fertilization, and culture up to the blastocyst stage [62] .
The depletion/appearance of amino acids in embryos has previously been measured in mouse [14] , bovine [13, 19, 34, 63] , porcine [55] [56] [57] , and human [15] [16] [17] embryos using HPLC. Characteristically, the appearance of alanine and depletion of arginine has been recorded in all species studied to date and at all stages of preimplantation embryo development, but there are subtle differences in amino acid profiles across species and stage of development. The differences between the bovine and human may be attributed to known species-specific metabolic differences, for example, a difference in lipid content and metabolism [20, 21] . In the study of 
AMINO ACID TURNOVER AND BOVINE OOCYTE QUALITY
cleavage-staged embryos by Houghton et al. [15] , the amino acids that were found to be predictive of human blastocyst development were alanine, arginine, asparagine, glutamine, and methionine, while those that correlated with pregnancy and live birth as reported by Brison et al. [16] were asparagine, glycine, and leucine. Alanine accumulation in the medium is thought to act as a route for disposal of ammonia by the early embryo [15] . In the present study, the highest rates of alanine appearance were recorded for incompetent MII oocytes that failed to undergo cleavage compared to oocytes with competence to support cleavage by Day 3 and/or development to the blastocyst stage. This observation is consistent with the significantly greater appearance of alanine apparent for human embryos that arrested rather than developed to the blastocyst stage [15, 17] . Increased alanine appearance may occur as a result of increased transamination of pyruvate and glutamate to alanine and a-ketoglutarate. The conversion of acetyl CoA for entry into the tricarboxylic acid cycle is inhibited by NADH and acetyl CoA and in these circumstances may favor the conversion of pyruvate to alanine and its release from the cell. In the present study, glutamine was depleted in significantly greater amounts by incompetent MII oocytes than those that cleaved and/or produced blastocysts, a finding previously observed between arresting and developing fresh [15] and frozen-thawed human embryos [17] . It is conceivable that the increased requirement for glutamine observed in oocytes that failed to cleave provides purines and pyrimidines for DNA repair, as a link between amino acid turnover and DNA damage has previously been demonstrated [64] . The increased arginine depletion by incompetent oocytes in the present study also agrees with the data obtained from human embryos, in which arresting embryos depleted more arginine than their developing counterparts [15, 17] . The increased requirement for arginine in these poor-quality oocytes is almost certainly related to the production of nitric oxide. High levels of nitric oxide as induced by culturing embryos in the presence of a nitric oxide donor such as nitroprusside results in DNA fragmentation and cell death [65] . The appearance of greater quantities of tryptophan in the medium containing oocytes that failed to cleave postinsemination in the present study is an unexpected finding that may reflect a species-specific difference between bovine and other species and/or a disparity between oocytes and embryos. A further interesting finding of the present study was the appearance of relatively large quantities of glycine and threonine in the spent medium of oocytes irrespective of their developmental capability. In previous studies of bovine embryos, glycine and threonine appearance were more modest [34] . Glycine acts as an organic osmolyte that the oocyte uses to help control cell volume [66, 67] . It is of note that the pattern of amino acids depleted from the medium in the present study resembled very closely that of the amino acids whose abundance is known to be increased in ovine uterine fluid over Days 10-16 of gestation, namely arginine (8-fold), asparagine (23-fold), leucine (3-fold), and glutamine (20-fold) [68] . Oocytes unable to undergo fertilization and/or the first round of cleavage depleted, released, and turned over significantly more total amino acids than their counterparts that cleaved. This suggests that the least competent oocytes had a significantly higher amino acid turnover than those with the capacity to undergo at least one round of cleavage. This finding is in agreement with the previous reports on cleavage-stage human embryos [15, 17] and is consistent with the ''quiet embryo'' hypothesis [69] , whereby nonviable embryos have an increased requirement for nutrients needed for repair processes [19, 70] . The present study demonstrates that measurement of the consumption/production rates of specific amino acids by bovine oocytes in spent culture media in relation to cutoff values has a high positive predictive value (92%) for determining which oocytes are competent to undergo fertilization and support at least one round of cleavage division. As such, our study provides the first proof of principle that this technique has value as a research tool to advance our understanding of oocyte biology. The idea of spent embryo medium having a diagnostic value is well established [9-12, 15-17, 71, 72] , but less research into the potential for oocyte culture medium to be informative regarding the health status of the gamete is less well established, although near-infrared spectroscopic analysis of spent oocyte medium has shown a difference between oocytes that did or did not give rise to a positive human chorionic gonadotropin measurement after transfer [73] . Furthermore, amino acid profiling of the spent media collected following incubation of pronucleate-staged porcine embryos has been shown to be more predictive of blastocyst development than the time of first cleavage and evenness and degree of fragmentation [55] , both of which are included in the grading systems employed by IVF clinics to select the best embryos for transfer. When variables such as cell number, degree of fragmentation, and evenness of blastomeres on Day 1 and Day 2 were analyzed along with amino acid turnover, the morphological characteristics on Day 1 predicted subsequent blastocyst development with no greater accuracy than by chance alone. However, the same morphological characteristics on Day 2 were able to classify 49.4% of blastocysts correctly [55] . Combining data of cell numbers on Days 1 and 2 correctly predicted 51.9% of blastocysts, and with the addition of the time of first cleavage the model was able to predict 63.5% of blastocysts. The addition of evenness of division and degree of fragmentation scores from Days 1 and 2 increased the number of blastocysts correctly identified to 66.2%, and addition of the amino acid profile score to their model resulted in correct identification of 80.8% of blastocysts, which was 39% higher than the number expected by chance alone [55] . While such studies suggest that embryo amino acid TABLE 2. Confusion matrix used to assess the predictive value of our model to predict embryo cleavage based upon whether oocytes exceed the cutoff value for !2 key amino acids.* * The values presented are the numbers of oocytes falling within each category according to the cutoff values of the amino acids detailed in Table 1 .
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profiling when used in conjunction with morphological scoring systems may enhance the likelihood of selecting a high-quality embryo, the amount of improvement over conventional subjective methods of embryo selection still remains a matter of debate, as many other patient variables affect the likelihood of success.
The data presented here suggest that amino acid profiling of oocytes can be used as a research tool to advance our understanding of the mechanisms regulating the acquisition of oocyte developmental competence. Investigations of oocyte quality are important to ART in both large animals and humans, as the controlled ovarian stimulation (COS) protocols commonly used to generate high numbers of oocytes for IVF are extremely wasteful and tend to produce a high quantity of oocytes at the expense of oocyte quality [74, 75] . This practice has lead to calls for the reoptimization of COS protocols to produce a smaller number of more highly competent oocytes for insemination [76] . To achieve this goal it is necessary not only to develop a detailed understanding of the molecular, genetic, and metabolic signatures associated with the acquisition of oocyte developmental competence, but to use this information to develop protocols that promote oocyte quality. While conventional molecular evaluation of oocytes produced by different COS regimens or from perceived high-and lowcompetence donors is informative [77] [78] [79] [80] [81] , this strategy usually requires the pooling of multiple oocytes of variable quality and destroys the cells of interest, and so it cannot provide confirmation about the developmental competence of each cell analyzed. Alternatively, molecular markers of oocyte quality can be measured by proxy in companion cumulus cells [82] [83] [84] [85] [86] [87] ; however, there is frequently an overlap of gene expression profiles between cumulus cells associated with oocytes that resulted in a pregnancy and those that did not [83] . In marked contrast, the highly sensitive and noninvasive measurement of amino acid turnover during the last few hours of IVM, as used in the present studies, not only provides us with functional insights into the metabolism and cytoplasmic legacy of mature oocytes, but maintains cellular integrity and so allows us to track and confirm the developmental competence of each gamete. Thus, oocyte quality can be quantified directly and dynamically in relation to the subsequent preimplantation development of the same cell. In further support of the concept of metabolic profiling as a tool to characterize functional indices of oocyte quality, we have observed striking differences in amino acid turnover between germinal vesicle-arrested human oocytes and oocytes with the competence to mature to MII in vitro (Hemmings, Leese, and Picton, unpublished data), we have shown there to be significant differences in energy metabolism by oocytes from women with different infertile pathologies [54] , and we have linked the genetic health of the pronucleate zygote to amino acid turnover [18] . Although a considerable amount of overlap was observed between the amino acid turnover profiles of competent and incompetent oocytes ( Figs. 1 and 2 ), when the analysis was limited to five key amino acids-glutamine, alanine, arginine, leucine, and tryptophan, as detailed in Figure 3 , A and B-there was much less overlap in the data from the two oocyte populations. Furthermore, when cutoff values were used to predict cleavage potential, the positive predictive value of our oocyte model as an index of subsequent zygote development was 92%. A similar degree of overlap has been shown for the viability scores calculated for in vitro-derived embryos using Raman spectra [9] . In the context of the current data set, we can hypothesize that the overlapping metabolic profiles were unsurprising and occurred as the oocytes were harvested from similar-sized follicles from young fertile heifers and subjected to identical IVM conditions. In support of this argument, our most recent data show that oocytes retrieved from the dominant follicles of naturally cycling heifers have different arginine, alanine, and leucine profiles when compared to oocytes from subordinate follicles from the same animals (K.E. Hemmings et al., personal communication). Collectively these data suggest that if we can characterize the metabolic profiles of individual oocytes in relation to their capacity to undergo fertilization and support embryo development prior to embryonic genome activation, then we can begin to study the impact that different follicular environments and COS regimens have upon the acquisition of oocyte developmental competence.
This study suggests that amino acid profiling of oocytes is predictive of oocyte developmental competence; however, while these data are encouraging, care must be taken to avoid overinterpretation of the findings. Specifically, caution must be exercised when attributing cutoff values to tests that span the continuum of oocyte and embryo development. At this early stage in the evolution of our assay, it was only possible to assign amino acid cutoff values that were predictive of an oocytes competence to support fertilization and early cleavage; our model did not discriminate between oocytes that produced blastocysts and those that cleaved but arrested prior to blastocyst formation, as there were no amino acids that were discriminatory in this respect. There are several explanations for this observation. Firstly, oocytes and the embryos they derive display a continuum of developmental competence and do not easily fall into competent or incompetent categories. Indeed, it is well established that early cleavage-staged embryos have varying degrees of competence, such that some cleaved embryos will fail to initiate embryonic genome activation, while others will compact but fail to develop to blastocysts. Furthermore, a proportion of embryos that are assigned to the poor developmental competence group can have developmental potential and vice versa, as observed using alternative diagnostic tests [6, 19, 27] . Consequently, in the present experimental series, a significant proportion of oocytes from both groups developed to intermediate stages on the pathway to blastocyst development. It is far simpler to model a diagnostic test on an embryo's ability to result in pregnancy following its transfer than to produce a model using the measurement of the metabolic signature of every oocyte retrieved and then relate it to the stage of development each attained, as we have done in the present study. Secondly, the impact of the sperm genome on early embryo development cannot be ignored. In this context, a greater level of embryo fragmentation has been observed when fertilizing oocytes with sperm containing high levels of DNA damage [88] . High levels of DNA oxidation have also been observed in semen obtained from infertile men [89, 90] , and a correlation was observed between the degree of sperm DNA oxidation and embryo fragmentation even when donor oocytes were used to control for a female effect [91] . Finally, the culture environment per se is known to affect the metabolome [34, 63] and epigenome [92, 93] of the early embryo and to affect the maturation and metabolism of oocytes [94] . Consequently, at the time of writing no tests can accurately predict oocyte or embryo developmental competence or pregnancy potential with close to 100% certainty. Therefore, while the data from the present study are very encouraging, more extensive retrospective studies are needed to fully evaluate the impact of different in vitro and in vivo environments on oocyte energy and amino acid metabolism in order to generate the accurate algorithms needed to facilitate prospective metabolic assays that predict oocyte developmental competence with a high degree of accuracy.
AMINO ACID TURNOVER AND BOVINE OOCYTE QUALITY
In conclusion, we have reported significant differences in amino acid turnover between bovine MII oocytes of differing developmental competence. Viable oocytes, which underwent fertilization and cleavage, had a reduced requirement for glutamine and released less alanine into the medium; overall, their total amino acid depletion and appearance, and hence their turnover, was lower than their incompetent counterparts. These results are consistent with the hypothesis that a viable embryo has a ''quiet'' metabolism [69] , and they extend the theory to suggest that efficient turnover of amino acids by oocytes is a vital prelude to the acquisition of oocyte developmental competence. The work presented advances our understanding of oocyte metabolism, and the analysis of spent culture medium by HPLC provides a relatively simple method of analyzing the metabolism of a large number of amino acids by individual oocytes. The information gleaned from studies of this nature may be used to define the metabolic signature associated with oocyte quality and so help reoptimize ovarian stimulation protocols associated with ART with a view to generating oocytes that display a metabolic fingerprint compatible with improved oocytes developmental competence. Development of oocyte amino acid profiling as a predictive assay could have potential application in countries in which selection at the embryo stage is outlawed.
